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Vascular response is an essential aspect of an effective immune response to periodontal disease pathogens, as new blood
vessel formation contributes to wound healing and inflammation. Gaining a greater understanding of the factors that af-
fect vascular response may then contribute to future breakthroughs in dental medicine. In this study, we have character-
ized the endothelial cell response to the common bacterium Fusobacterium nucleatum, an important bridging species that
facilitates the activity of late colonizers of the dental biofilm. Endothelial cells were infected with Fusobacterium nucleatum
(strain 25586) for periods of 4, 12, 24, or 48 h. Cell proliferation and tube formation were analyzed, and expression of adhesion
molecules (CD31 and CD34) and vascular endothelial growth factor (VEGF) receptors 1 and 2 was measured by fluorescence-
activated cell sorter (FACS) analysis. Data indicate that F. nucleatum impaired endothelial cell proliferation and tube formation.
The findings suggest that the modified endothelial cell response acts as a mechanism promoting the pathogenic progression of
periodontal diseases and may potentially suggest the involvement of periodontopathogens in systemic diseases associated with
periodontal inflammation.

The process of new blood vessel formation, known as angiogen-
esis, contributes to inflammation both by facilitating the

transportation of immune cells to the site of injury and through
the supply of oxygen and nutrients to the inflamed tissues (1). This
vascular response is an essential aspect of an effective inflamma-
tory reaction (2); however, many infectious diseases directly im-
pact vascular structures and cells, reducing the efficacy of the im-
mune response. Several systemic conditions and inflammatory
diseases associated with bacteria affect vascular responses,
through either the direct or indirect modulation of endothelial
function and vascular tissues. This can be observed under a wide
range of conditions: Crohn’s disease has been linked to Mycobac-
terium species and Escherichia coli in genetically susceptible pa-
tients (3, 4); cirrhosis has been connected with Enterobacteriaceae,
Pseudomonas aeruginosa, Stenotrophomonas maltophilia, Acineto-
bacter baumannii, Staphylococcus aureus, and Enterococcus (5);
and Aspergillus has been related to meningitis and associated with
vascular complications (6). Thus, the pathogenesis of complex
infectious and inflammatory diseases can, in part, be seen as rep-
resenting an active interaction between bacteria and the vascula-
ture, where endothelial cells may be directly involved with the
inflammation process.

Periodontitis results from the inflammatory response to bac-
terial colonization and biofilm formation. The most diverse and
highly populated biofilm in the human body is found in the peri-
odontal tissues, which contain highly complex microbial interac-
tions both among bacterial species and with the host (7). During
the initiation of periodontal infection, biofilm levels increase, and
formerly commensal microbial species become pathogenic. This
process involves pathological changes in gingival tissues and their
attachment to tooth surfaces (8). Bridging species, such as Fuso-
bacterium nucleatum, create a favorable environment for late col-
onizers and for other potentially more pathogenic bacteria (e.g.,
Porphyromonas gingivalis). This process occurs as bridging species
adhere to early colonizers (e.g., Gram-positive cocci), which en-
hances the adherence of red complex species (9). F. nucleatum
plays an essential role in coaggregation (9, 10), the process en-
abling interspecies communication. In this way, F. nucleatum may

directly impact the host tissues and cells. Increased production of
inflammatory mediators, stimulated by host cells in response to
the presence of F. nucleatum, may further impact vascular changes
(1). However, it is not yet fully clear how the endothelium re-
sponds to the progression of the inflammation initiated by F. nu-
cleatum.

In the early stages of periodontal inflammation, perivascular
tissues are disrupted (11). This is followed by the destruction of
collagenous fibers and the proliferation of capillaries into the dis-
rupted connective tissue (12). A prolonged exposure to bacteria
and inflammation may predispose host tissues to greater damage,
which in turn may modulate vessel formation and further amplify
the inflammation. Previous studies have shown that bacterial
challenge with Pseudomonas aeruginosa (13), Porphyromonas gin-
givalis (14), and Enterococcus faecalis (15) modulates endothelial
cell function. Data also suggest that endothelial cells respond to P.
gingivalis by increasing the levels of leukocyte adhesion molecules,
elevating levels of inflammatory cytokines and chemokines, and
inducing prothrombotic properties (16, 17). However, P. gingiva-
lis emerges later, after inflammation is established. As a bridging
species, F. nucleatum may modulate endothelial cell function and
vasculature, creating a favorable environment for late colonizers
such as P. gingivalis. In order to elucidate the endothelial cell re-
sponse to F. nucleatum, we have analyzed surface markers
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involved in cell adhesion, development, and function and expres-
sion of receptors and targeted genes.

MATERIALS AND METHODS
Growth and culture of bacteria. In order to test our hypothesis, F. nu-
cleatum strain 25586 was cultured on blood agar plates in an anaerobic
system using 10% H2, 80% N2, and 10% CO2 for 2 to 6 days. The cultures
were then inoculated with brain heart infusion broth, supplemented with
hemin, and incubated at 37°C for 2 days until they reached an optical
density at 540 nm (OD540) of 0.8, corresponding to 109 CFU ml�1. The
bacteria were then diluted at 107 CFU ml�1, corresponding to a multiplic-
ity of infection (MOI) of 100. In preparation for this study, we ran exper-
iments with MOIs of 10, 100, and 1,000 (data not shown). Results of
studies using various MOIs, including the MOIs of 10 (18), 100 (19, 20),
and 1,000 (18), have been previously reported in the literature. The opti-
mum concentration achieved in our experiments—in line with most pub-
lications in the literature—was the MOI of 100.

Endothelial cell culture. Primary human umbilical vein endothelial
cells (HUVEC) (ATCC PCS-100-010) were purchased from American
Type Culture Collection (ATCC). Cells were cultured in vascular basal cell
medium (ATCC PCS-100-030) supplemented with endothelial cell
growth kit-VEGF (ATCC PCS-100-041), penicillin, and streptomycin.
Cells were cultured in 75-cm2 flasks (Corning) and maintained in an
incubator with 5% CO2 at 37°C. Cells from passages 4 to 8 were used. The
medium was changed every 3 days, in accordance with the manufacturer’s
recommendations. Cell characterization was accomplished through mor-
phological analysis after confluence was reached. HUVEC (2 � 105) were
placed in 12-well plates and were preincubated at 37°C for 2 h. Cells were
then incubated with F. nucleatum; cells and supernatants were collected
and analyzed at baseline level and after different time points at up to 48 h
after infection.

Endothelial cell proliferation in response to F. nucleatum. In order
to determine the impact of F. nucleatum on endothelial cell proliferation,
we used an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay (21–23). Endothelial cells were seeded at 1 � 104 cells/well
in 96-well plates and incubated for 24 h at 37°C. The cells were then
infected with F. nucleatum (MOI, 1:100) for 4, 12, 24, or 48 h. After each
time point, medium was removed and cells were washed with phosphate-
buffered saline (PBS). PBS (90 �l) and MTT (10 �l) (10% MTT solution;
concentration, 0.5 mg/ml) were added. The plates were shaken gently and
incubated at 37°C. After 4 h, 75 �l of the MTT solution was removed from
the well and 50 �l of dimethyl sulfoxide (DMSO) was added to each well
and mixed using the pipette. Plates were incubated at 37°C. After 10 min,
the A570 was read.

Tube formation assay. In order to study how F. nucleatum affects
endothelial cell tube formation as a measure of in vitro vessel formation,
45 �l of Matrigel (BD Biosciences) was added to each well in 96-well
plates. Plates were incubated at 37°C for 1 h to allow gelling, and endo-
thelial cells were added at a concentration of 5 � 103 in each well. The
plates were then incubated at 37°C for one more hour. Following this
process, F. nucleatum was added at an MOI of 1:100. Plates were again
incubated at 37°C, and images were captured at the 4-, 12-, 24-, and 48-h
marks. No bacteria were added to the control plates. Cells were observed
directly under the optical microscope. Images were evaluated by the use of
Image-Pro Plus Version 4.5.0.29 (Media Cybernetics, Silver Spring, MD,
USA). The numbers of tubes were counted, and their areas were mea-
sured.

Expression of endothelial cell surface markers in response to F. nu-
cleatum. In order to study the impact of F. nucleatum on endothelial cell
surface markers, endothelial cells were plated in 12-well plates (1 ml of
media containing 2 � 105 cells) and bacteria were added at an MOI of 100.
After 4, 12, and 24 h of infection with F. nucleatum, cells were collected
and washed twice. The cells were then incubated and labeled with allo-
phycocyanin (APC) (Alexa Fluor 647) anti-human CD31 antibody (Bio-
legend), APC (Alexa Fluor 647) anti-human CD34 antibody (Biolegend),

phycoerythrin (PE) anti-human VEGF receptor 1 (VEGFR1) antibody
(Biolegend), or APC (Alexa Fluor 647) anti-human VEGFR2 antibody
(Biolegend) for 45 min. The cells were then washed twice with PBS-bovine
serum albumin (BSA) and analyzed using a flow cytometer (FACScan,
using CellQuest software; BD Bioscience). Isotype controls for APC and
PE (Biolegend) were used in all experiments. Data were expressed as per-
centages of positive cells compared to target molecules.

Quantitative PCR for gene expression in endothelial cells. Endothe-
lial cells were cultured and infected with F. nucleatum in order to elucidate
the role of F. nucleatum in modulating the expression of target genes.
Total RNA was extracted using TRIzol reagent and was quantified in a
spectrophotometer at A260. RNA samples with a 260:280 ratio (around
2.0) were employed to ensure high purity. Total RNA (1 �g) from each
sample was used for reverse transcription. Each assay was carried out in
triplicate using a 20-�l reaction mixture. Experiments were performed at
least three times and in triplicate. The primers used for real-time PCR
analysis (purchased from Life Technologies) were as follows:
Hs02585826_cn (VEGF growth factor A [VEGFA]), Hs04047136_cn
(PLCG1), Hs00164893_CE (inducible nitric oxide synthase [iNOS]), and
Hs00725652_CE (endothelial NOS [eNOS]). �-actin (Hs01060665_g1)
was used as the housekeeping gene control for normalization. Data anal-
ysis was performed using the threshold cycle (��CT) method, and �-actin
was used as the reference gene.

PGE2 and proinflammatory cytokine release by endothelial cells in
response to F. nucleatum. Supernatants were collected after 4 to 24 h of
infection with F. nucleatum and stored in aliquots at �80°C in order to
analyze the impact that F. nucleatum has on cytokine release by endothe-
lial cells. In accordance with the manufacturer’s instructions, samples
were thawed on ice before measurements of prostaglandin E2 (PGE2)
levels were performed using a specific enzyme-linked immunosorbent
assay (ELISA) obtained from R&D Systems. Levels of VEGF, interleu-
kin-1� (IL-1�), and tumor necrosis factor alpha (TNF-�) were mea-
sured using specific Milliplex multiplex assays, according to the in-
structions of the manufacturer (Millipore). Results were expressed
after correction to total protein contents of the supernatant media in
picograms of protein.

Nitric oxide release by endothelial cells in response to F. nucleatum.
Levels of nitric oxide metabolites (nitrite and nitrate) and NO synthase
(NOS) were measured in order to evaluate if F. nucleatum changes the
nitric oxide pathway of endothelial cells. Supernatants of infected endo-
thelial cells were collected after 4, 12, and 24 h of infection and were
studied using a specific assay kit from R&D Systems (catalog number
KGE001), in accordance with the manufacturer’s instructions. This assay
determines NO concentrations based on the enzymatic conversion of ni-
trate to nitrite by nitrate reductase. The reaction is followed by colorimet-
ric detection of nitrite as an azo dye product of the Griess reaction. The
Griess reaction is based on the two-step diazotization reaction, in which
acidified NO- produces a nitrosation agent which reacts with sulfanilic
acid to produce the diazonium ion. This ion is then coupled to N-(1-
naphthyl) ethylenediamine to form the chromophoric azo derivative
which absorbs light at 540 to 570 nm. Results were expressed in micro-
moles per liter.

Statistical analysis. All experiments were performed a minimum of
three times and in triplicate samples. Measurements were expressed as
means � standard deviations (SD). Data were analyzed using one-way
analysis of variance (ANOVA) with Bonferroni’s post hoc correction or
Student’s t test (GraphPad Prism, 5.01; Graphpad Software, Inc., San
Diego, CA, USA). P values of 	0.05 were considered significant.

RESULTS
F. nucleatum modulates proliferation and tube formation of
endothelial cells. F. nucleatum was shown to cause significant and
substantial suppression of endothelial cell proliferation after 12 h
of incubation (Fig. 1A). Tube formation as a correlate for endo-
thelial cell function in angiogenesis in vitro was decreased when
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cells were cultured with F. nucleatum (Fig. 1B and C). These
changes were found to be statistically significant after adjusting for
the decrease in cell viability, as measured by Trypan blue exclu-
sion.

Impact of F. nucleatum on adhesion molecule expression on
endothelial cells. CD31 and CD34 expression levels were analyzed
by flow cytometry. A significant decrease in CD31 expression was
observed (Fig. 2A), a phenomenon which occurs when endothe-
lial cells are exposed to inflammatory cytokines as early as 4 h after
infection. CD31 expression remained low (P 	 0.05), suggesting
reduced cell-cell interaction and increased vascular permeability.
Figure 2B shows that there was a significant increase in CD34
expression after 4 h of infection that remained higher than the
level seen with the control. This suggests an increase in the num-
bers of undifferentiated endothelial cells.

F. nucleatum modulates VEGF receptor expression and
VEGF release. F. nucleatum was found to modulate receptors for
VEGF on endothelial cells. The levels of VEGFR1 increased 2-fold
after the 4-h mark of infection (Fig. 3A) and subsequently re-
turned to normal. VEGFR2 expression was decreased after 4 h
(P 	 0.05) and remained low up to the 24-h mark. The switch in
the VEGFR2/VEGFR1 ratio suggests a reduction in proangiogenic
signaling and an increase in the inflammatory role played by en-
dothelial cells. VEGF release, a major regulator of endothelial pro-

liferation and cell migration, was significantly increased after 12 h
(Fig. 3C), while its expression was seen to decrease over time (Fig.
3D) (P 	 0.05).

F. nucleatum promotes PGE2 release and inflammatory cy-
tokine production by endothelial cells. Twelve hours after infec-
tion, PGE2 release was elevated, and it remained at an increased
level up to 24 h after infection (Fig. 4A; P 	 0.05). IL-1� (Fig. 4B)
and TNF-� (Fig. 4C) levels were seen to increase, while PLCY1
expression (Fig. 4D) was observed to decrease (*, P 	 0.05). This
finding further suggests that endothelial cells play a direct role in
progressive inflammation and possibly affect autocrine inflam-
matory impact.

F. nucleatum upregulates endothelial nitric oxide synthase
and reduces HIF-1� mRNA expression. F. nucleatum was not
seen to cause a substantial change in nitric oxide release by the
endothelial cells (Fig. 5A), while endothelial nitric oxide synthase
(eNOS) levels were seen to increase after the 4-h mark (P 	 0.05)
(Fig. 5B). There was no impact on the levels of inducible NOS
(iNOS) (Fig. 5C), which suggests increased expression of the
endothelial form of nitric oxide synthase at an early phase with-
out affecting the inducible form of NO or its overall generation.
HIF-1� expression was reduced after 4 and 12 h (P 	 0.05)
(Fig. 5D).

FIG 1 HUVEC impairment of cell proliferation and tube formation. (A) F. nucleatum had no observable effect on endothelial cell proliferation at up to 4 h
postinfection. After the 4-h mark, cell proliferation by infected endothelial cells occurred at a markedly lower rate than that observed in the control group. (B)
Tube formation is impaired in cells infected with F. nucleatum in terms of both numbers of tubes and tube area; endothelial cells form tube-like structures after
12 h (control); endothelial cells infected with F. nucleatum for 24 h are unable to form tube-like structures (F. nucleatum). Magnification for images, �400. (C)
Average number of tubes (top), average area of tubes (middle), and number of cells per tube (bottom). *, P 	 0.05.
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DISCUSSION

Endothelial cells are among the first in contact with bacteria when
bacterial products are disseminated into the bloodstream, as they
form the vascular tree of all organs. Therefore, endothelial cells are

directly impacted by infectious/inflammatory processes (2). Vas-
cular changes occur during the onset of chronic periodontitis (24–
26) and are also affected by other forms of inflammation, cancer
metastasis, healing, blood flow, atherosclerosis, tumor growth,

FIG 2 F. nucleatum modulates expression of HUVEC surface markers. The percentage of endothelial cells expressing CD31 was seen to decrease after infection
with F. nucleatum (A), while the percentage of endothelial cells expressing CD34 was seen to increase following infection (B). Measurements were taken at
baseline levels and after 4, 12, and 24 h of infection with F. nucleatum, as analyzed by flow cytometry. *, P 	 0.05 (compared to control results at 12 h); #, P 	 0.05
(compared to control results at 4 h).

FIG 3 F. nucleatum modulates VEGF. (A and B) F. nucleatum was observed to modulate VEGFR1 (A) and VEGFR2 (B). Results are shown as percentages of
expression of endothelial cells at baseline and following 4, 12, or 24 h of infection. (C and D) VEGF release in supernatants showed some fluctuation (C), while
VEGF mRNA was downregulated (D) (data represent fold decreases after the 4- and 12-h marks expressed in a time-dependent manner). *, P 	 0.05 (compared
to control results at 4 h); #, P 	 0.05 (compared to control results at 4 h and 12 h); **, P 	 0.05 (compared 12 h results to control and 12 h results to 4 h).
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and angiogenesis (27). The data from this study demonstrate that
endothelial cell function is modulated toward a proinflammatory
cell response upon exposure to F. nucleatum. These findings sug-
gest that vascular changes are critical in the establishment of an
environment which is favorable for late colonizers and pathogens
such as P. gingivalis.

It has been previously demonstrated that P. gingivalis impairs
endothelial cell proliferation, function, and migration (26), but P.
gingivalis is a dominant species during the later stages of peri-
odontal infection. Vascular response to biofilm, however, can
be induced as soon as the supragingival plaque extends into the
subgingival region. This conversion is associated with an envi-
ronmental change toward hypoxia and anaerobiosis (28). In light
of this, bridging species such as F. nucleatum can be seen as critical
to the development of periodontal infection during this transi-
tion, as they potentially create a favorable ecosystem for late col-
onizers such as P. gingivalis.

We have focused on the endothelial cells, as vascular changes
precede the immune cell response. The data show impairment in
cell proliferation and cell death after 12 h of infection. F. nuclea-
tum infection was also observed to affect the expression of endo-
thelial cell surface markers. CD31 levels were reduced as early as 4
h after infection and remained low at all measured time points.
This finding suggests an increase in vascular permeability. CD31,
an adhesion molecule of 130 kDa identified in endothelial cells,
platelets (29), and leukocytes (30), had previously been consid-
ered simply a cellular adhesion molecule (31). However, later

studies suggested that CD31 triggers downstream inhibitory sig-
naling upon transhomophilic CD31 engagement during cell-cell
interaction (32). CD31 signaling participates in the regulation of
leukocytes, T cell and platelet activation, and angiogenesis (33).
Meanwhile, another surface marker on endothelial cells, CD34,
was found to be overexpressed 4 h postinfection (P 	 0.05). This
finding corroborates the presence of undifferentiated cells at this
time point, and levels returned to normal after the 12-h mark.
CD34 is a marker of vascular endothelial progenitor cells (34, 35),
and results of in vitro studies show that endothelial cells lose CD34
expression after several passages, with only a small population of
CD34
 cells remaining (34). Endothelial function is sustained by
the net balance between injury and repair. The quantification of
the detachment of mature endothelial cells and derived micropar-
ticles may represent the degree of damage, while it may also deter-
mine the number and functional characteristics of circulating
endothelial progenitor cells to reflect the endogenous repair po-
tential. Beyond injury, endothelial cells may detach and become
identifiable by flow cytometry analysis of the expression of surface
markers (36). Therefore, the presented findings suggest that the
increase in CD34 expression is due to the bacterial challenge
against HUVEC. F. nucleatum initially stimulated undifferenti-
ated cells. Taking these data together, a clear picture emerges dem-
onstrating that the maturation of endothelial cells was impaired
when they were exposed to F. nucleatum.

Endothelial proliferation and migration are regulated by vas-
cular endothelial growth factor (VEGF) (37), which is the most

FIG 4 F. nucleatum infection increases prostaglandin and cytokine release in supernatants and decreases mRNA PLCY1 expression in HUVEC. (A) The
inflammatory component of supernatants is characterized by high-level release of PGE2 after 12 and 24 h. Endothelial cells infected with F. nucleatum were
observed to release a high level of PGE2, suggesting a vasodilatory state. (B and C) Levels of IL-1� (B) and TNF-� (C) were increased after the 12- and 24-h marks
following infection. (D) mRNA PLCY1 expression was reduced after the 4- and 12-h marks following infection (*, P 	 0.05).
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potent inducer of angiogenesis and capillary permeability (38)
and is an essential regulator of vascularization (39). F. nucleatum
infection was found to increase the level of VEGF release after 12 h.
VEGF production is regulated by two receptors during angiogen-
esis and endothelial cell function: R1 and R2 (40, 41). VEGFR1
modulates VEGF activity, creating heterodimers with VEGFR2
(42). A VEGFA “trap” sequesters ligand to reduce VEGFR2-me-
diated endothelial signaling (43), which promotes the angiogenic
function of the endothelial cells (42). Our results show that the
levels of VEGFR1 were increased 4 h following infection (P 	
0.05) and returned to normal after the 12-h mark. The literature
shows that endothelial cells have been observed to express at least
10 times less VEGFR1 than VEGFR2 (44, 45). In our study, after 4
h of infection, endothelial cells showed a VEGFR1/VEGFR2 ratio
of 1.2. VEGFR2 levels were reduced 4 h postinfection (P 	 0.05)
and remained lower than the control levels at all time points. Ad-
ditionally, levels of expression of mRNA VEGF and mRNA PLC�1
were reduced after the 4- and 12-h marks (P 	 0.05). The modu-
lation of the phenotypic properties of endothelial cells and the
increases in proinflammatory properties of the endothelium can
be viewed as parallel developments in response to the changes in
VEGF receptor signaling. As a result, PGE2 release was increased,
representing a stimulus causing increased vasodilation (46). Pro-
inflammatory cytokine release was found to increase along with
structural changes. This suggests that F. nucleatum actively pro-
motes the proinflammatory changes of endothelial cells.

Increases and alterations in the metabolic regulation of VEGF
during angiogenesis that occurred when endothelial cells were ex-
posed to stressful conditions have been previously reported. Pre-
vious studies performed with endothelial cells and P. gingivalis
have not resulted in observed differences in the levels of expres-
sion of VEGF or its receptor (VEGFR2), while lipopolysaccharide
(LPS) from P. gingivalis is known to stimulate angiogenesis (47).
There was higher release of VEGF in supernatants without an
increase in VEGF mRNA expression, which suggests that F. nu-
cleatum may activate the autocrine function of endothelial cells,
leading to higher release of VEGF that is not, however, followed by
higher VEGF production. VEGF mRNA expression was reduced
after 4 and 12 h (P 	 0.05) (Fig. 3D). Since VEGF is associated
with vessel growth and angiogenesis (48), these data are in accor-
dance with the proliferation and tube formation data shown in
Fig. 1. Suppression of VEGF expression accompanied by a reduc-
tion in tube formation due to bacterial challenge has also been
shown in endothelial cells of chick embryos (49). Additionally,
expression of HIF-1�—which is a precursor of VEGF—was also
suppressed (Fig. 5D); VEGF reduction, accompanied by HIF-1�
reduction, has been previously shown in the literature (50).

Taken together, the data show that F. nucleatum orchestrates
changes in endothelial cells which modulate the responses of the
cells and promote their active involvement in the inflammatory
process, leading to impaired tissue vascularization during inflam-
mation. This research is particularly relevant to the understanding

FIG 5 F. nucleatum modulates mRNA eNOS without changing mRNA iNOS or NOx release. (A) F. nucleatum infection was not observed to affect NOx release
(measured as micromoles per liter) by endothelial cells at any time point. (B and C) After the 4-h mark following infection, levels of eNOS mRNA were observed
to increase (B), while those of iNOS were not observed to be affected (C). (D) HIF-1� mRNA expression was analyzed by quantitative PCR (qPCR). Data show
a reduction in HIF-1� expression after 4 and 12 h. *, P 	 0.05 (compared to control results).
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of complex infectious and inflammatory diseases such as perio-
dontitis.
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